Structural and Biochemical Characterization of the N-terminal DH/PH domain of Trio. bisphosphate, PtdIns(3,4)P 2 , or other phospholipids. This finding is supported by our threedimensional structure and affinity binding experiments. Interestingly, the presence of RhoG but not
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The involvement of the PH domain in the exchange reaction is emphasized by several findings showing a modulation of this reaction by phospholipids. For example, the binding of PtdIns(3,4,5)P 3 to the PH domain of Sos or Vav1 allows Rac to be activated by disrupting an intramolecular interaction between the DH and PH domains (21) (22) . Alternatively, the PH domain of a subset of RhoGEFs will participate in the exchange reaction as is the case of Dbl big sister, Dbs (23) . The three dimensional structure of various DH/PH tandems demonstrate the overall structures of the DH and PH domains are conserved, however the relative orientation of these two domains seems to be RhoGEF dependent (23) (24) (25) (26) . Thus, the PH domain of certain RhoGEFs could play a dual role by integrating cellular pathways involving generation of phospholipids to pathways involving activation of RhoGTPases.
Trio, a member of the Dbl family of proteins, plays an essential role in regulating the actin cytoskeleton during axonal guidance and branching (reviewed in 27). This multidomain protein was initially isolated as a binding partner of the cytoplasmic region of the leukocyte-antigen-related (LAR) receptor protein tyrosine phosphatase (RPTPase) (28) . LAR conveys attractive and repulsive cues from the extracellular medium to regulate the outgrowth of developing neurons. Several Triolike proteins have been found in vertebrates including Trio, Duet/Duo/Kalirin (29) (30) , and in invertebrates including UNC-73 (Caenorhabditis elegans), and Dtrio (Drosophila). A Trio loss-offunction (trio-/-) mouse showed that Trio is essential for late embryonic development and that it functions in fetal skeletal muscle formation and in the proper organization of neuronal tissues (31) .
In PC12 cells, Trio induces neurite outgrowth (32) and mutations in the UNC-73 gene account for defects in axon guidance and cell motility (33) . Genetic studies using Drosophila and C. elegans as model systems have positioned Trio at the center of signaling pathways that regulate axonal guidance and cell migration in the nervous system (33) (34) (35) (36) (37) .
Unlike other RhoGEFs, which contain one DH/PH tandem domain, Kalirin, UNC-73, and Trio contain two DH/PH domains suggesting the possibility of activating at least two Rho-family members. In this respect, Trio and its homologues form a subfamily within the Dbl family of proteins. Besides the two DH/PH tandem domains, Trio contains multiple protein-protein by guest on October 5, 2017 http://www.jbc.org/
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Structural and Biochemical Characterization of the N-terminal DH/PH domain of Trio. Skowronek et al. 2004 5 interacting domains and a Ser/Thr kinase domain (28) . Additionally, a Src homology 3 (SH3) domain follows each DH/PH tandem domain in Trio suggesting a regulation by proline-rich containing proteins. This multidomain structure suggests that Trio is at the crossroads of multiple signaling pathways that regulate the actin cytoskeleton. In support of this view, the actin binding protein filamin and Tara both bind to Trio (38) (39) . In vitro exchange experiments have shown that the N-terminal DH/PH domain activates RhoG and Rac1 specifically but not the homologous Cdc42, while the C-terminal DH/PH domain is specific for RhoA (28, 40) . Consistent with activating Rac, Trio has been functionally linked in Drosophila to the p21-activating kinase (PAK), a Rac downstream effector (35) .
In an effort to understand the regulation of this multi-RhoGTPase activator, we have initiated structural and biochemical studies on various domains of Trio. Here, we present the threedimensional structure of the N-terminal DH/PH of Trio, TrioN, as solved by X-ray crystallography.
We used site-directed mutagenesis to pinpoint RhoG residues responsible for its specificity toward TrioN. We show that TrioN does not bind phospholipids in vitro. However, the presence of RhoG significantly increases the binding affinity of TrioN to certain phospholipids, especially PtdIns(3,4)P 2 . We show that the variable basic C-terminal tail of the RhoGTPase is responsible for this effect. We propose that the protein-protein interaction between the basic tail of RhoG and the TrioN-PH domain regulates the interaction and the localization of Trio to the plasma membrane.
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Rac1 and RhoG Purification: (His) 6 -Rac1 was cloned in the pET15b (Novagen) vector and overexpressed in Escherichia coli strain BL21. Cells were broken by passage in a French press in (50mM Na/K phosphate, 0.15M KCl, 0.1mM phenylmethylsulfonic PMSF, pH 7.5). Clarified cell lysates were passed on a Ni-NTA matrix (Qiagen) and eluted in (20mM Tris-HCl, 0.5M NaCl, 0.25M imidazole pH = 8.0). The (His) 6 -tag cleaved protein (thrombin, Sigma) was collected in the flowthrough of an ion-exchange Q-Sepharose column (Sigma), concentrated in 10kDa cutoff centricon (Amicon) and passed over a gel filtration column (Ultrogel Aca54, Biosepra). Rac (0.3M NaCl, 20mM Tris-HCl, 5mM β-mercaptoethanol pH = 8.0) was concentrated to 10mg/ml and stored at -80°C until needed. Purification of the GST-RhoG (cloned in the pGEX-2T vector, Pharmacia) proceeded in a similar way but the first step was a glutathione sepharose affinity column (Sigma).
Generation and Purification of Rac1 mutants: All Rac1 constructs were cloned into the NdeI and
BamHI sites of pET15b and verified by automated DNA sequencing. The A3S, G30K, Q43N, G54N, D63E, P69T, (A3S/G54N), and (G54N/P69T) mutants of Rac were generated with the QuickChange XL™ site directed mutagenesis kit (Stratagene). The mutants were ovexpressed in E. coli BL21 Codon +™ cells (Stratagene) and purified as the wild type protein. The purified proteins were stored at -80°C in 10mg/ml aliquots until needed. The C-terminal truncation mutant of Rac (residues 1-184), Rac∆184, was cloned by PCR into the NdeI and BamHI sites of pET15b. The Rac∆184 construct was overexpressed and purified as wild type Rac1.
Generation and purification of the RhoGΔ182: The C-terminal truncated RhoG mutant, residues 1-182 (RhoG∆182), was generated from (His) 6 -RhoG cloned into pET15b using the primers 5'-CCCACGCCGATCTAGTAAGGGCGGTCCTGC-3' and 5'-GCAGGACCGCCCTTACTAGATCGGCGTGGG-3' with the QuickChange XL site-directed mutagenesis kit (Stratagene) and verified by DNA sequencing. Purification of (His) 6 -RhoGΔ182 from E. coli BL21 proceeded as for Rac1.
PH domain of PLC-δ1 purification:
The clone for the PH domain of PLC-δ1 was generously provided by Dr. Mario Rebecchi and the protein was purified according to (47) . Guanine Nucleotide Exchange Assays: Decrease in N-methylanthraniloyl-GDP (mant-GDP, Molecular Probes) fluorescence (excitation at 360nm/emission at 440nm) was monitored using an LS-50B spectrophotometer (Perkin Elmer) at room temperature according to the protocol described 
3-RESULTS

The DH/PH interface Interactions between the DH and PH domains occur between
Gln1322 and the end of helix α6 (residues 1403-1411) of the DH domain, and residues of helix αN (residue 1421), of strands β1 and β2 (residues 1426-1430, 1449, 1451, 1453) and Tyr1472 of the PH domain ( Figure 3D ). The interface consists primarily of apolar interactions (62%) and direct or water mediated hydrogen bonds (38%) between residues belonging to the two domains and buries a total surface area of 635 Å 2 . Since the residues located at the interface of the two domains are conserved between TrioN, Kalirin and UNC-73 ( Figure 3D ), these proteins are expected to have a similar DH/PH configuration. These residues are also conserved in Dbs.
The TrioN-DH domain
The DH-domain of Trio (residues 1231-1413) has the typical elongated α-helical bundle characteristic of other DH domains of known structure (26, (50) (51) .
Superposition of the DH of Trio to available DH coordinates shows that the closest homologue is
Dbs. The rmsd calculated after superposing 164 Cα of the two DH domains is 1.42 Å. The structural homology is strong in the α-helices and poor in the helix-connecting loops and in the last helix α6 (residues 1391-1412, Dbs's secondary structure numbering is adopted hereafter). In
TrioN, α6 contains a proline in its middle (P1402) that introduces a kink. The residues of TrioN equivalent to residues of Dbs that directly interact with Cdc42 in the Dbs/Cdc42 structure are all solvent exposed in TrioN and are positioned at one face of the DH domain; they are shown in red in Figure 3D .
The TrioN PH-module. The PH module of TrioN (residues 1424-1535) is very similar to the PH-module of the δ1-isoform of phospholipase C (PLC-δ1). It is formed by two perpendicular β-sheets capped by a C-terminal α-helix (residues 1516-1535). Superposition of the PH domains of PLC-δ1 and TrioN yields an rmsd of 1.7 Å in 75 Cα positions despite 13% sequence identity.
As expected, the structural similarity is confined to amino acids in secondary structure elements but not in connecting loops. Figure 4A shows a Cα superposition of the PLCδ1-PH domain (light grey) in complex with Ins(1,4,5)P 3 (53) and the TrioN-PH domain (dark grey). This figure shows that among others, loop β1/β2 and loop β3/β4 have different conformations between the two domains with important consequences for phospholipid binding and specificity. In the TrioN structure, loop β1/β2, which in the PLCδ1-PH domain contains basic residues that interact with the phosphate groups of the Ins(1,4,5)P 3 moiety (shown in gold ball-and-stick in Figure 4A ) occludes the inositol-trisphosphate binding site. Loop β3/β4, which in the PLCδ1-PH domain contributes residues that interact with the 5-phosphate of the Ins(1,4,5)P 3 , is moved towards the DH-module away from the inositol-trisphosphate binding site. The important basic residues that make direct contacts to phosphates 4 and 5 in the PLC-δ1/Ins(1,4,5)P 3 complex (Lys30, Lys32, and Lys57) are also not conserved in TrioN (found as Val1435, Pro1438, and Asp465, Figure 4C ). As presented here, the structure of the TrioN-PH domain is predicted to be inhibitory for phosphoinositol binding as seen in the PLC-δ1-PH domain; unless the two loops β1/β2 and β3/β4 undergo severe structural rearrangements.
We then investigated the possibility that the TrioN-PH structure would stabilize a phosphate at position 3 on the inositol ring by comparing the structures of the TrioN and the Grp1 PH domains (54) (55) . Grp1 is an Arf exchange factor that specifically binds PtdIns(3,4,5)P 3 with high affinity. The two PH domains share only 10% sequence identity but superpose extremely well assay. This well-established qualitative assay has been successfully used to find phosphoinositols targets of the PH domains of several RhoGEFs (56) . Purified His 6 -tagged-TrioN (0.5µg/ml) was applied to a nitrocellulose filter that was spotted with various phospholipids (Figure 5J) . Following extensive washing, an anti-His 6 antibody was applied to the nitrocellulose filter and revealed with a secondary horseradish peroxidase antibody (see Experimental Procedures). As a positive control, the purified PH-domain of PLC-δ1 was assayed in the same way. As expected (Figure 5I ), PLC-δ1-PH domain binds strongly to PtdIns(3,4)P 2 and to PtdIns(4,5)P 2 . Under the same conditions, we were unable to show any binding for the TrioN-PH domain to any phosphorylated lipid ( Figure   5A ). We increased the concentration of the TrioN-PH domain by two orders of magnitude (50µg/ml) and repeated the same experiments arguing that very likely it has a weak affinity for phospholipids. Figure 5B shows that even at this concentration, the levels of detected TrioN with this assay are within the background. To check the sensitivity of the antibody to the His-tag on TrioN, we blotted 0.1ng of His-TrioN on a nitrocellulose membrane and showed that the antibody under the same experimental conditions used for the PIP-strip experiments efficiently recognized the His-tagged TrioN (data not shown). Therefore, we conclude that within the sensitivity of the PIP-strip assay, the TrioN-PH does not bind to phosphoinositols, or if it does, its binding affinity is very weak. Ins(1,4,5)P 3 using isothermal titration calorimetry techniques (ITC). As shown in Figure 6 and as reported for other RhoGEFs (56), the heat generated per injection is small. However, Figure 6 shows saturation in the titration curves at protein:InsP 3 (56) suggesting that recruitment of RhoGEFs to membranes is subject to tight regulation.
Phospholipids-binding to TrioN in the presence of RhoG
In this study, we have shown using a standard procedure involving a fluorescent-labeled nucleotide analogue (mant-GDP) that the bacterially expressed TrioN retains its exchange activity against Rac and RhoG. Whereas the intrinsic nucleotide release from RhoG is negligible, TrioN appreciably enhances its GTP to GDP exchange. According to our in vitro measurements, RhoG, which is highly homologous to Rac (73% sequence identity) is a better TrioN substrate than Rac since its observed rate of nucleotide exchange is ~3 times faster (Figure 1) . Our results confirm earlier in vitro and in vivo reports that TrioN regulates RhoG activation (40) . Activated RhoG can in turn stimulate Rac by binding to the ELMO/Dock180 complex (59) . Recently, a TrioN double mutant N1406A/D1407A has been described (52) . This mutant binds to Rac1 but does not accelerate nucleotide exchange. Asn1406 and Asp1407 are two wellconserved residues in Dbl-family proteins located on helix α6 at the interface between the DH and PH domains ( Figure 3D ). In the TrioN three-dimensional structure, the side chain of Asn1406 is solvent exposed and makes one water mediated hydrogen bond with the side chain of the well conserved Gln1430 (β1) of the PH domain. The side chain of Asp1407 is buried at the interface with the PH domain and makes a strong hydrogen bond (3 Å) with Gln1430. The TrioN threedimensional structure can explain the alanine mutagenesis results in two different ways. One explanation is that mutating these two residues to Ala should weaken the interaction of TrioN with the RhoGTPase since in the Dbs/Cdc42 structure, N810, the residue equivalent to N1406 of TrioN, makes strong hydrogen bonds with switch II residues 65 and 66 of the RhoGTPase. Alternatively, the double alanine mutant results in a relative DH/PH orientation that is inhibitory for exchange.
The TrioN-PH domain adopts a fold common to all known PH domains (reviewed by 16).
The classical PH fold (residues 1426 to 1535) is preceded by a β-strand (βN, residues 1413 to 1415) and a 3 1 0 -helix (αN, residues 1421 to 1424) that immediately follow the DH domain. Since βN runs antiparallel to β4, it should be considered as part of the TrioN-PH domain ( Figure 3A) .
Overall, the structure of the TrioN-PH domain is more similar to Grp1 (54-55) than to PLC-δ1 However, this mutant is unable to assist TrioN in binding to phosphoinositols in vitro ( Figure 5D ).
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This result thus suggests the basic C-terminal loop of RhoG is not required for the exchange reaction but that it synergizes with TrioN to bind specific phospholipids. Our data do not show where on TrioN the PtdIns(3,4)P 2 binds but it is very likely that it is the PH domain. The ten Cterminus residues of RhoG could synergize with TrioN in binding to phospholipids in two ways.
Either they provide basic residues that directly interact with the phosphoinositols or they could indirectly alter the structure of TrioN to enable it to bind phosphoinositols. The involvement of the C-terminal basic residues of RhoG in recruiting the GEF Trio to membranes becomes more interesting when envisioned in the context of another RhoGTPase regulator, the guanine dissociation inhibitor, RhoGDI. RhoGDI competes with RhoGEF activation of RhoGTPases by blocking the GDP-dissociation of the RhoGTPase and by releasing it from cellular membranes.
The structure of prenylated Cdc42 in complex with RhoGDI (63) shows that the GDI not only binds to the switch regions on the RhoGTPase but also to its C-terminal basic tail. In light of our data, the GDI would not only destabilize the RhoGEF binding to the RhoGTPase but more importantly by interacting with the C-terminal basic tail of the GTPase, the GDI could prevent Table 2 lists the thermodynamic parameters deduced from the fitting. Values for the highest resolution shell are given in parenthesis.
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